Abstract Supercritical Water Oxidation (SCWO) is an innovative and effective destruction method for organics in sewage sludge. The SCWO process leaves a slurry of inorganic ash in a pure water phase free from organic contaminants, which opens possibilities for a simple process to recover components like phosphates and/or coagulants from the sewage sludge, a process marketed as the Aqua Reci. In a continuous pilot plant for the SCWO process digested sludge has been treated. The ash has been extracted in lab-and pilot scale with both caustic and acids in order to recover phosphates and coagulants. The particle size of the inorganic contaminants in the water after the SCWO process is between 1-10 µm, which means that it is very reactive. The phosphate, and partly the aluminium, can be extracted with caustic as iron and heavy metals are completely insoluble in caustic. This is a method to separate the phosphates from the rest of the contaminants. However, high calcium content will bind the phosphate as calcium phosphate insoluble in caustic. In most cases the calcium content is too high and the best solution is to dissolve phosphates and all metals with sulphuric acid. From this solution first iron phosphate can be separated and thereafter in a second step aluminium and finally heavy metals in a third step. Iron can be separated from the phosphate, either by leaching the phosphate with caustic off to sodium phosphate leaving a precipitate consisting of iron hydroxide, or the iron phosphate can be dissolved in hydrochloric acid followed by a liquid extraction process where ferric chloride can be separated leaving a phosphoric acid. By the acid dissolving process it is possible to recover phosphate, iron, aluminium, and heavy metals from the inorganic since the Aqua Reci process only leaves a silica residue representing about 10% of the DS content in the original sludge.
Introduction
In Sweden, until now, most of the sewage sludge has been recycled to the agriculture and the remainder is generally discharged to landfill. However, the Farmers' Union and the food industry have placed a ban on recycling sludge to agriculture. This, in combination with a new EU regulation prohibiting disposal of organics to landfill, means that new methods for disposal of sewage sludge must be found. As phosphate is not an endless resource, the Swedish Environmental Protection Agency is studying the possibility to put a demand for phosphate recovery before final disposal of sewage sludge.
Stockholm Water (the local water and sewage company in Stockholm) has therefore shown interest in the Aqua Reci process where supercritical water oxidation is used to decompose organic contaminants. The oxidation is followed by a chemical process in order to recover components in the inorganic residual ash, like phosphates and coagulants.
Supercritical Water Oxidation (SCWO)
At a temperature above 375°C and a pressure above 220 bars, water is entering a fourth phase -the supercritical phase -with properties between those of a gas and a liquid, Figure 1 .
The change in magnitude of different properties is very rapid at the entrance into the supercritical region. The most important change is the change in solubility. The organic compounds increase to almost 100% solubility while inorganic compounds become more or less insoluble, Figure 2 .
Gaseous oxidants such as oxygen are completely miscible in supercritical water. As water density is lower, diffusivity and ion mobility therefore are higher. Combined with a high temperature, these properties result in rapid oxidation of organic compounds without interfacial mass transfer limitations or sparing availability of the oxidant. The reaction time for complete destruction is below 60 seconds. SCWO leads to complete destruction: organic carbon is converted into carbon dioxide, organic and inorganic nitrogen into nitrogen gas (N 2 ), halogenated organics and inorganics into corresponding acids, sulphonated organics and inorganics into sulphuric acid. Metals are oxidised to their highest valency and phosphorus into P 2 O 5 . The oxidation reaction is also exothermic, and consequently once the feed organic is concentrated enough, the reaction can produce sufficient energy to maintain reactor temperature.
Inorganic ash is very reactive, which means that metal oxides and phosphorus easily will dissolve in acid. Phosphorus can be extracted in caustic and separated from metal oxides due to their insolubility in alkaline conditions.
In a pilot plant located in Karlskoga, Sweden several tests have been conducted on the digested sludge from sewage treatment plants in Stockholm and from Karlskoga sewage treatment plant all using iron as coagulant for P-removal. The dewatered sludge was diluted to about 15% DS and homogenised in a mass generator before it was continuously pumped into the SCWO process. The SCWO process, Figure 4 , consists of a long pipe where the first part is an economiser in the form of a pipe heat exchanger utilising the heat coming from the reactor. The last part after the reactor is another pipe heat exchanger, which can be used either to produce steam or hot water by utilising the heat coming from the exothermic reaction. At the end of the process, carbon dioxide and nitrogen are separated in an open separator tank. The total retention time is about 5 minutes, where 60 seconds represents the reactor part. 
Results
Sludge used for the tests was dewatered digested sludge diluted from 25-30% to about 15% DS and homogenised using a macerator. The reason for the dilution was to obtain a pumpable sludge into the SCWO process. The COD content was on average 125,000 mg/l and the ammonia content 1,400 mg/kg in the 15% sludge. After the SCWO process, the COD level was, in all tests, reduced by more than 99.9%. If the temperature in the reactor exceeded 550°C, the ammonia nitrogen could be reduced by more than 99.9% to a value less than 10 mg/l. If the temperature was around 550°C the ammonia nitrogen content reached 150 mg/l. Outgoing slurry from the process containing the inorganic components of the sludge had a DS content of 6% and was very easy to thicken to about 20-30% DS content. Table 1 below shows the average values from four different plants and distribution of the inorganic components in both the water phase and the solid phase leaving the SCWO reactor. The low oxidation temperature and the fine particle size indicate high reactivity of the ash and it is therefore an excellent raw material for production of phosphates and coagulants. The ash from Karlskoga Sewage Treatment Plant coming from the SCWO process was leached with a weak caustic solution (1%) at a temperature between 80-90°C and showed that almost 90% of the phosphorus could be extracted from the ash ( Figure 5 ). Similar trials with sludge from Stockholm sewage works showed a yield of only about 65%. The reason for the large difference is that the CaO content in the Karlskoga sludge after the SCWO process was only about 3% compared to 8% for the sludge from Stockholm. This means that the calcium content will form insoluble calcium phosphate in the ash. The use of alkaline leaching is therefore only interesting when the calcium content in the ash is low and then only phosphate is recovered.
With the use of acid such as hydrochloric or sulphuric acid it is possible to leach both phosphorus and metals to practically 100%. The reactivity is highest in hydrochloric acid where a 100% yield can be reached at a temperature of 90°C and 2 hours retention time ( Figure 6 ).
Acid leaching
The use of sulphuric acid is normally a much cheaper choice, whereas the leaching process is much slower. Aluminium and phosphorus are very easy and quick to extract out of the liquor, while iron oxide is more resistant to the acid. In order to have a short retention time also when using sulphuric acid, one way is to leach at high temperature, for example at the end of the SCWO process at a temperature of about 150°C. This means that also iron will be dissolved within 1 hour. After the acid leaching process, the insoluble matter, mainly consisting of SiO 2 , can be separated from the solution via filtration or centrifugation. This solid inert sludge of about 40% DS represents 10% of the original DS content or, in volume, only 6-8%. Alkaline leaching. From the alkaline leaching with caustic the phosphate is extracted as sodium phosphate. Sodium phosphate can easily be precipitated as calcium phosphate by adding lime, which can be separated from the process via a filter. By precipitation with lime sodium hydroxide will be recovered and can be reused in a new leaching cycle. The only consumption of caustic will be in the form of losses in the system, which can be estimated to max. 10% without washing the calcium phosphate filter cake. This means that the main chemical consumption will be lime required for production of calcium phosphate. A process based on alkaline leaching can be designed according to Figure 7 .
Acid leaching. By leaching with sulphuric acid the solution will drop to a pH of about 1.3 containing all the phosphorus and metals. One way to separate the components in the liquor is a 3-step neutralisation process with magnesium oxide. In the first step the pH is adjusted to around 2 where 3-valent iron phosphate (FePO 4 ) is practically insoluble while all other metals will remain in the solution. This means that a pure ferric phosphate can be separated. In a second neutralisation step at a pH of around 4.5 aluminium and possible residual iron will precipitate as alunite and respectively jarosite; (NaAl 3 (SO 4 ) 2 (OH) 6 respectively NaFe 3 (SO 4 ) 2 (OH) 6 ). Alunite and jarosite are very easy to filter with 60-70% DS in the filtercake. The final step is to further elevate the pH to 7-8 in order to precipitate all the heavy metals. After separation of the heavy metals the remaining water leaving the process is eliminated from all phosphates and metals only containing some calcium and magnesium sulphate. A process based on acid leaching can be designed according to Figure 8 . From the acid process three streams of filter cakes will be produced; iron phosphate, alunite and heavy metals.
Separation of iron phosphate
Even though iron phosphate can be used as fertiliser, the market is limited and probably the economy is better if it can be separated to an iron-and respectively phosphate salt. Two different ways of separating iron from phosphate have been tested -the alkaline and the acid way. In the alkaline case phosphate can be dissolved with the help of caustic leaving a sludge consisting of iron hydroxide. This process (Figure 9 ) is a parallel to the process already described in Figure 8 . The remaining iron hydroxide can either directly be used for precipitation of arsenic in ground water or be dissolved in acid, for example hydrochloric acid, and reused as ferric chloride coagulant. By using nitric acid, ferric nitrate will be formed which is a good product for hydrogen sulphide control in sewer systems. By dissolving the ferric phosphate in hydrochloric acid ferric chloride can be separated from the Figure 7 Material flow for phosphate recovery per year resp. day at 8,000 working hrs. The calculation is based on 10,000 tons of DS, i.e. 67,000 tons as 15% coming into the SCWO process formed phosphoric acid with the help of liquid extraction (Figure 10 ). The liquid extraction process will separate the iron from the phosphorus to practically 100%. As the phosphoric acid will be very pure it is possible to use it as a raw material for speciality phosphate production.
Use of Aqua Reci process for sewage treatment plant producing 10,000 tons of DS per year Based on the findings of the test, the following energy and material balance can be expected by using the Aqua Reci process on digested sludge and using the average sludge data from Table 1 representing an average of Stockholm sewage sludge (Figure 11 ).
Cost calculation
A cost estimate for a full-scale operation of a capacity of 10,000 tons of DS. The sludge data is the average data taken from Stockholm sewage works. The total investment for the SCWO process has been estimated to be 8.5 MEUR and for the recovery process to be 600,000 EUR. The building, with a surface area of 1,000 m 2 , is calculated at a cost of 1 MEUR. With a depreciation of 10 years and 5% real interest rate for the machinery and 20 years for the building, the total annual capital cost will be 1,200,000 EUR. The total annual cost is illustrated in Table 2 .
Theoretical value of the benefits from the Aqua Reci process
The Aqua Reci process is not only giving the possibility to recover energy, phosphorus and coagulants -it is also reducing the sludge volume for final disposal by more than 90%. This means that the theoretical value for all the benefits that the Aqua Reci Process will create may be enough to cover the total cost for running the process. Figure 12 is illustrating the theoretical market value for all the benefits. Figure 9 Alkaline separation process Figure 10 Acid separation process
Even if iron was used as a coagulant it can be seen that also large quantities of aluminium sulphate can be recovered by dissolving the alunite in sulphuric acid. The reason for the high aluminium content in the sludge is due to the use of zeolite in detergents. As zeolite consists of aluminium silicate, it also means that the main silica rest after the process originates from the zeolite in detergents.
Conclusions
1. In pilot scale it has been shown that the supercritical water oxidation process is feasible, not only to decompose organics to more than 99.9%, but also to oxidise ammonium into nitrogen. The total process is a closed process where the main reaction takes place in a pipe reactor without any emission but carbon dioxide and nitrogen. The heat from the oxidation process can be utilised in the form of hot water or for steam production. 2. The residue from the oxidation process is an inorganic ash in pure water slurry. The ash consists mainly of SiO 2 , metal oxide and P 2 O 5 . Due to the relatively low temperature in the oxidation process, the inorganic ash is very reactive. 3. Utilisation of acid leaching allows separation of the phosphate and the metals from the Figure 11 Material and energy balance for the Aqua Reci process inorganic ash. In a three-step precipitation process it is possible to recover P, Fe, Al and heavy metals separately leaving an ash consisting mainly of silicates representing less than 10% of the original volume and pure water. 4. The cost calculation for a plant of a capacity of 10,000 tons DS is 248 €/ton DS (or 62 €/ton 25% sludge). 5. The value from the process in the form of sludge volume reduction with more than 90%, recovery of energy, phosphate and coagulants represents a value that will compensate the cost of running an Aqua Reci process.
